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I. SUMMARY

The investigation of silver electrodes in experimental cells with
cadmium counter electrodes was continued, with emphasis on the improve-
nent of precision in the discharge capacity and gas evolution data.
Steps have been taken for the closer standardization of discharge
current density and depth of the conditioning cycle, for the reduction
of ohmic drop effects in the recording and current control circuits,
and for the establishment of a well-defined gas atmosphere before the

irradiation step.

In closely matched cells at 90% state of charge, with capacity
limited by the silver electrode, a capacity increase of 15% (X3%) was

7 rads (HZO) of Co60 gamma

observed for the system receiving 7 x 10
radiation, while an increase of 12% (32%) was observed for the control
cell maintained at the same temperature. Further work will be required

to ascertain the magnitude of radiation effects on the silver electrode

capacity.

Hydrogen was again detected in irradiated cells, and it was shown

that a minor quantity of this product originated from the polystyrene

cell liner and/or the electrolyte solution in the absence of electrodes.

In future work, procedures will be developed for the study of

secondary zinc electrodes. Major variables of interest for both electrodes

are state of charge, total radiation dose, irradiation rate, and cycle

depth.
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II. INTRODUCTION A

Batteries on space vehicles are exposed to various types of radiation
from cosmic rays or the Van Allen belt. Nickel-cadmium and silver-zinc
batteries received radiation doses of approximately 106 rads (HZO) on the
SNAP 1O0A mission. Damage from gamma rays is incipient at this level in

the nickel-cadmium system.l

Recent work in this program én the silver-zinc system in 40% potassium
hydroxide electrolyte has revealed two principal effects of gamma radiation:
(a) loss of material from the silver electrode2 and (b) evolution of hydrogen
in cells containing silver test electrodes and cadmium counter electrodes.

A change in coulombic capacity of the silver electrode during irradiation
could not be excluded, but more precise capacity data were needed to refute

or confirm that possibility.

AI-66-33
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III. EXPERIMENTAL

A. CELLS

Stainless steel cells with polystyrene liners, which have been described
previously,2 were used in this investigation. The steel cases were equipped
with Swagelok Quick-Connect fittings to facilitate the removal of samples
for gas analysis. The polystyrene liners were the three-compartment type,
with fritted quartz separators.2 The plastic partitions and bottoms for
such cells were originally constructed by hand from polystyrene sheet; more
recently these parts were machine fabricated for better uniformity and ease

of assembly.
B. ELECTRODES

As in the preceding report period, the test electrodes were silver
battery cathodes from Yardney Electric Company, cut to one-half their
original size to provide the appropriate discharge capacity.2 The counter
electrodes were again of cadmium, removed from Union Carbide N75 sealed
nickel~cadmium batteries and trimmed to fit the cell. Two cadmium
electrodes, connected in parallel, were placed on opposite sides of the
limiting silver electrode. The working electrodes were separated by quartz

frits.

A new reference electrode designed for radiation work was constructed
and evaluated for recording purposes during this quarter. The electrode
was housed in a polystyrene container with a Nylon wick salt bridge, as

shown in Fig. 1. The electrochemical system was Hg/HgO/40% KOH; the same

AI-66-33
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design would be applicable to other couples such as Ag/Ag20/4O% KOH. The
Nylon thread appeared to provide adequate chemical isolation, but it
introduced a high impedance into the reference electrode circuit. For
use with recording or control circuitry, this high impedance source of
reference potential was converted to a low impedance source by the voltage

follower scheme described in the next section.

C. ELECTRICAL CIRCUITS

l. Electrochemical Measurements

Brief descriptions of the automatic cycling and capacity measuring
equipment were given in earlier reports.a’3 Schematic diagrams of the two
types of apparatus are shown in Figs. 2 and 3, respectively. The 15-minute
clock provides a cycle of four phases, each of 15 minutes duration: open
circuit - charge -~ open circuit - discharge. This shallow cycling process
is applied in the preconditioning and irradiation steps. One cycling unit
is used in conjunction with the radiation source; the other remains in the

laboratory with the control cell.

The capacity measuring system operated by the 8-hour clock sends
a constant discharging current through the cell as long as its total
potential is above a preset lower limit. When this limit is reached, the
cell is automatically held at essentially constant potential for the
remainder of the 8-hour period by intermittent discharging as the cell
tends to recover on open circuit. Analogous control at the upper voltage
limit occurs in the charging mode. Thus, the capacity of two cells can

be determined by the use of a common current source. Figure 4 shows a

AI-66-33
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Figure 2. Schematic Diagram of Cycling Circuit
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Figure 3.

AI-66-33%

Schematic Diagram of Capacity Measuring Circuit
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detailed circuit diagram of the present capacity measuring system for two
test cells. The equipment represented in this figure is available in
duplicate, each unit having a dual-pen recorder for the display of potential-~

time functions.

A control problem arises in this system when the total cell potential
includes an appreciable ohmic component. On discharge, for example, the total
potential rises immediately after cessation of the current by an amount equal
to the IR drop. The relay then receives a signal to apply the discharge
current, which reestablishes the ohmic drop. The system therefore oscillates
with a rapid off-on response of the cell current. This produces an undesired
treatment of the test electrode and appears to cause some instability in the

current source.

A proposed solution to this problem is based on the use of a
reference electrode in the control circuit. This electrode would be
placed within the test electrode compartment, where the ohmic drop is
negligible. The potential of the test electrode would also be recorded
against the reference half-cell, rather than against the working counter
electrode, to obtain more definitive electrochemical data. Construction

of the reference electrode was described in the preceding section.

The voltage follower circuit for incorporating this electrode into
the recording and control circuits is shown in Fig. 5. In this configura-
tion, the operational amplifier serves to isolate the cell from the measuring
and control systems by an effective impedance of the order of lO8 ohms. The

gain is unity, and the amplifier is non-inverting (eout = ein)' The output

AI-66-33
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of this amplifier should then be suitable for operating the existing detection
system shown in Fig. 4, provided the grounding requirements are met. Experi-
mental evaluation of this scheme is in progress, with a Philbrick P65AU

amplifier as the voltage follower.

2. Pressure Measurements

A review of commercially available miniature pressure transducers was
conducted prior to ordering replacements for the damaged units. Consolidated
Electrodynamics Corporation Type L4-316-0001, with a range of t25 psig still
appears to be the most suitable for present requirements, although this model
has shown some deterioration in previous work on this program. The sensor is
a strain-gage which functions as a Wheatstone bridge. A circuit diagram for

the pressure measuring system is given in Fig. 6.
D. GAMMA RADIATION SOURCES

The irradiations reported here were carried out in the C060 gamma source
that was used in previous work on this program.2 The present rating of this
source is l.1 x lO6 rads (HZO) per hour. Installation of a more versatile
Co60 source at Atomics International is scheduled for completion in February,
1966. The new source will proviis a variable dose rate up to 2.5 x 106 rads

(H20) per hour.
E. PROCEDURES

The electrochemical and irradiation procedures in the runs reported here
were essentially those described in the preceding report.2 The routine for

a complete run is outlined in Fig. 7. The temperature of the control cell

AI-66-33
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COMPLETE CHARGE-DISCHARGE CYCLES

2 CELLS

READJUSTMENT TO Q

v

2CELLS

b
EXCHANGE OF GAS TO NlTROGEN( )

IRRADIATED CELL

CYCLING, Q @& Q + AQ
EXPOS URE TO GAMMA RADIATION

~65 hr, 459(C)

L 4

CONTROL CELL

CYCLING, Q g Q + AQ
~5 hr, 450 (¢)

]

v

2 CELLS

SAMPLING OF GAS

v

2CELLS

POST-TEST CAPACITY MEASUREMENTS
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was maintained at 45° to match that in the radiation source. Experimental

changes incorporated since the previous report include:

(a) Machine fabrication of parts for the cell liners
(b) Use of an oil bath for more convenient temperature control
of the nonirradiated cell
(¢) Adjustment of the capacity measuring current* to 7.25 ma cm-2
(d) Selection of the cycling current to yield a more precise
5% state of charge increment in 15 minutes
(e) Preliminary cycling from the same state of charge as that

used in the irradiation stage.

Gas analyses were performed by mass spectrometry. The simple gas exchange
manifold depicted in Fig. 8 has been constructed for the establishment of a
well-defined pre-irradiation atmosphere and for use in leak testing of the
steel cell. The exchange manifold and helium leak detector were not avail-
able at the time of the work reported here; however, their use is planned on

all future runs.

The presence of ohmic drop in the quartz frit separgtors was demonstrated
in the following manner. Two reference electrodes of the Hg/HgO type were
inserted in a used cell containing silver and cadmium electrodes and the
Lo% potassium hydroxide electrolyte. The potential difference between the
two reference electrodes in several configurations was measured potentio-

metrically with and without the passage of cell current at 46 ma on one

*Approximately 100 ma total current for a cut silver electrode.

AI-66-33
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face of the silver electrode. An ohmic drop of 150 mv was observed when the
reference electrodes were separated by a frit. With both reference electrodes
in the central compartment, their potential difference did not exceed 10 mv,
even though they were placed in the current path., Thus, the resistance of

the frit filled with electrolyte was approximately 3 ohms., This frit had

been used in several irradiation runs and was subject to chemical attack

by the alkaline solution. These measurements indicate that most of the ohmic
drop in the experimental cells can be circumvented by means of a reference

electrode.

AI-66-33




IV. RESULTS

A, INSTRUMENTATION

The potential difference between the reference Hg/HgO and Ag/AgEO
electrodes, recorded through the voltage follower, Fig. 5, was constant
within 10 mv for 48 hours. The design in Fig. 1 should therefore be
satisfactory for recording the potentials of test electrodes in this

program.

The current output of the constant current power supply was monitored
by recording across a series resistor during some of the capacity measure-
ments. Variations over a 12-hour interval were typically of the order of
1% while both cells were within the cutoff limits. Variations of approxi-
mately 5% in the average output current were observed, however, when the
cutoff system was in operation. The use of a reference electrode in the
control circuit is expected to reduce this variation to essentially that

inherent in the power supply design.
B. IRRADIATION RUNS

Conditions for the irradiation runs on silver electrodes are summarized
in Table I. The irradiated and control cells were more closely matched and
the current density and cycle depth more precisely controlled in Run CG-23
than in CG-22. Detailed capacity data are presented in Table II; analyses
of gases and residual solids are given in Tables III and IV, respectively.
Experimental difficulties prevented a silica analysis on the residue from
Run CG-22. Table III also includes gas evolution data for a blank run on

AI-66-33
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a polystyrene cell liner containing 40% potassium hydroxide but no electrodes.

Characteristic shapes acquired by the potential-time curves during
extended cycling at various charge levels have been mentioned previously.2
Examples of these curves are shown in Figs. 9 and 10. The potentials were
recorded between the silver and cadmium electrodes in each case; an ohmic

component is included, therefore, in both the charge and discharge phases.

AI-66-33
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V. DISCUSSION

A. RECENT RESULTS

The improvement of precision in the capacity and gas evolution measure-
ments were major objectives during this quarter. To that end, some modifi-
cations of design and procedures were developed, and damaged equipment was
repaired or replaced. The principal changes introduced into practice are
listed under Procedure; others intended for future work are described within

the Experimental section.

The capacity measurements reported in Table II show acceptable precision
(¥1% to %3%) among consecutive discharge cycles. The first cycle was omitted
in computing the average capacity, since this value is dependent on the
termination point in the preconditioning (shallow cycling) stage and possibly
on other factors. In Run CG-22, the irradiated cell showed a capacity in-
crease of 11% (¥1%). A water leak prevented the determination of post-test
capacity in the control cell for this run. In run CG-23, the irradiated
cell increased 15% (tB%) in capacity while the control cell increased
12% (2%) during the same time. In previous runs at 90% state of charge
and the same radiation dose, changes from -16% to +15% were observed in
irradiated cells, and from -7% to +15%, in control cells. Additional data
with more precise control of conditions are still required to resolve the
capacity changes caused by radiation, if any, from those associated with

temperature, cycling, and other variables.
The gas evolution data, Table III, must be considered semiquantitative

AI-66-33
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because of sealing problems that existed in the steel cells., These diffi-
culties are now being corrected with the aid of a helium leak detector.

As in earlier work, hydrogen was evolved during the irradiation step. More
hydrogen was detected in a silver-cadmium test cell than in the blank con-
taining only the polystyrene liner and the electrolyte. The blank cell
did produce significant amounts of both hydrogen and methane upon ir-
radiation, however, in processes distinct from those involving the

electrodes.,

The solid material recovered from the silver electrode compartment of
the control cell was consistent in quantity and composition with that
obtained in earlier runs at 90% charge. Such losses, exclusive of silica,

have ranged from 4 to 15 mg,2 while 7 mg was observed here.

The irradiated cell in Run CG-22 showed a typical solid loss, including
silica, of the order of 50 mg. In Run CG-23, the corresponding loss, in-
cluding silica, was only 27 mg; corrected for silica content, it was 26 mg.
As in previous work, silver metal was the major constituent of the solids

from the silver electrode compartments of both cells,

The potential-time curves for shallow cycling over an extended time are
of interest in electrochemical characterization of the system. Such curves
for control cells at the beginning and end of the 65 hour cycling stage are
shown in Figs. 9 and 10 for 60 and 90% states of charge. At 90%, the open
circuit potential was essentially constant at 1.42 v over the entire cycling
time. The increased separation of charge and discharge potentials that

developed in later cycling appears to be caused primarily by ohmic drop.

AI-66-33
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The development of a spike on the charge segment and a negative slope on
the discharge segment suggests a trend toward more severe kinetic control
as the system ages. In the 60% run, Fig. 9, this effect was more pro-
nounced, and a slow recovery was observed on open circuit following dis-

charge,

Increased kinetic control might occur if part of the active surface
were lost during the cycling stage, with a resultant increase in current
density referred to the true surface area. A loss in active area could
result from (a) recrystallization of the electrode materials or (b) blocking
by adsorption. In either case, the increased polarization seen in 15 minutes
of current flow was not reflected in the capacity determined by complete dis-
charge. This is not surprising for two reasons: (a) the two silver oxides
form as distinct phases without the retention of crystal geometry during
anodic ox:i.dad:ion’+ and (b) surface active materials may desorb as the solid
is consumed in the electrode reaction or as the potential reaches highly
positive or negative values. These interpretations are tentative; it must
be recalled that the cycling curves are recorded at 45°, while the capaci-

ties are measured at room temperature.
B. PLANS FOR FUTURE WORK

Additional data will be obtained on silver electrodes at 90% state of
charge to check the precision and consistency of results. The indicated
precautions will be taken for standardization of currents and control of
conditions in the gas phase. The use of cadmium counter electrodes will

be continued, pending the further investigation of secondary zinc electrodes.

AI-66-33
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Testing procedures will be developed for the zinc electrodes, using retentive
wrappings and any other modifications of techniques that may be required to

obtain satisfactory capacity data.

Major variables to be studied for both electrodes are state of charge,
radiation dose, irradiation rate, and cycle depth. Experiments will be
designed to characterize the gas evolution processes more specifically
with respect to reaction sites and synergism between the silver and zinc

electrodes.

AI-66-33
14




ACKNOWLEDGEMENT

Dr. G. R. Argue was a consultant on this program during the present

report period.

AI-66-33
15




2.

3.

REFERENCES

Argue, G. R., H. L. Recht, W. A. McCollum and D. E. McKenzie, '"The Effects
of Radiation on Nickel-Cadmium Battery Electrodes," AI-65-66, Final Report,
Jet Propulsion Laboratory Contract 450514, June 1963 to June 1965, Atomics
International, a Division of North American Aviation, Inc., Canoga Park,
Calif.

Argue, G. R., H. L. Recht and W. A. McCollum, "Radiation Effects on Silver
and Zinc Battery Electrodes. II," AI-65-264, Interim Report, Jet Propulsion
Laboratory Contract 951109, July, 1965 to October, 1965, Atomics Inter-
national, a Division of North American Aviation, Inc., Canoga Park, Calif.

Argue, G. R., H. L. Recht and W. A. McCollum, "Radiation Effects on Silver
and Zinc Battery Electrodes. I," AI-65-158, Interim Report, Jet Propulsion
Laboratory Contract 951109, April 1965 to July 1965, Atomics International,
a Division of North American Aviation, Inc., Canoga Park, Calif.

Wales, C. P., and J. Burbank, J. Electrochem. Soc., 112, 13 (1965)

AI-66-33
16




£3toeded j3sej-ead uo pageq ‘sfejs uorjzeTPRIST UT (P)

s9pTe y30q 3uTpnToUT ‘waxe pejodoafoad Tejzol (9)

PTIS J9ATTY poppeque JuTpnyout 3nq ‘spes] Jo JUITOM JOF Po3oalro) (q)

8sop Te303
Aommv spel moa X ¢*/ ‘ajex sagop thn Aommv gpea wOH X T°T ‘e8xeyo jo 93e3e %06 38 dI9M suna yzog ()
0°S 16 mm.m TTT o5 ¢St G9°T TT®D To4L3uo)
0°s 16 mm.m TIT og ¢ Gt S9°T TT8D PajETpelIJ]
¢e=-n0
h°s 00T €L 00T &9 0°Gt 29°T TTe®D Toa3uo)
§°S 00T T°4 00T 09 S°Ht 96°1 TT®D pajetpeaJ]
2c-Dd
% eul > o 8|l el T D 5 UL
p®ToAD quaIINg KqTsusqg uaIan) 93X10a300TH 0881y qIM
Jo yadeqg 1307, JuaIINY 1305 Jo sumtop 2pOI309TH JSATTIS
JUTLOAD - gquswaINsed) A3rowden

SNOY JJOULOHTE YIATIS ¥O4 SNOILIANOD

°I T4Vl

AI-66-33

17



I9pTOY TT90 TOJI3UCD UT ST I938M (9)
adexsse WOIy UOTFBTASD = 7 (Q)

o8BIoA® WOIF PI3TWO (B)

(%25) %1+ eBump

(%s3) %1+ 93uwey)

TT0°0 T ¢T6°0 €00°0 e L840 Zcr0°0 e ¢€26°0 T10°0 e 9640 adexaay
01O 0O~ ¢05°0 —— —— TOO*O- 226°0 —— —— S
2100~ T0S°0 +#00°0~ €aq°0 cc0°0~ T106°0 Z10°0~ h*0 4
G000+ gTSs°0 000°0 LGH0 OTO®0O+ €¢6°0 600°0- 164°0 ¢
910" 0+ 626°0 400° 0+ T9%°0 ¢T0°0+ 9¢6°0  QTO0°0+ Hih°0 4
- dwﬁm.o —— mmw¢.o - dmmm.o —— w:w:.o T 06 ¢2=-nd
o " a3uey) (%13) #1T + 83uwey)
9T10°0 7 49%°0 T00°0 T 805°0 400°0 1 LGH°O  8deaday
—— — ¢20° 0+ 064°0 200°0- 906°0  G00°0+ 29%°0 H
—-—— —— 610°0- gih°0 c00°* 0+ OTS°0  TOO°O+ g&h°0 ¢
—— —— G00°0~ 294°0 000°0 806°0  LOO°0O- 0sH°0 Z
—— —— —-— —— - mmmm.o —— mmm.o>\ T 06 22-90
aVv__ SIU-que A sau-dure 7 say-due A4 sIq-qme  o10k)  X3roeden JO 9 umy
Kq100dEe)n 3s31~-2ad AqToBdE) 3981~-390d A3ToBdR) 3sd1~8ad adxey) Jo

oAl ToRdR) 3881-3804

TI90 1013U0D

TI9) DO3BIPBLI]

23835 TETITUL

ALIDVAYD FQOULOTTH ¥IATIS

*II 19V

AI-66-33




HOX %04 pue xauTl suaafysLrod Liuo Futurejuo) (q)

8gop T®10% Aommv spel N.o.m x ¢*/ t9j38x 9S0OD Hlns Aommv spex wOH X T°T ‘e8geyo jo o3e3s %06 (®)

=== - - T6°0 6°9L g8 i Q" o 119D TOJI3u0p

G T 240 -— 06°0 2°84 2°QT 92l #°94 TT3D pejeTpeld]
Auetq

- - 20°0 T6°0 0°¢8 0°9T 004 g°2s 118D ToI3juo)

8°¢ - 02°0 06°0 gLl 64T 889 0°8s TT®D pejeTpeaa]
g2c—90

°H D 60 Iy i "% TEim 1@ TRE
quadIaJ aumTOA sangsaad sumyop
18304 sep

EDVIS NOILVICYVHHI ¥ILAY SESYD J0 SHSATVNY °*III HIdVdL

e T L - -

AI-66-33

19




gTsATeue pajuassad SaT3TNOTIITP Tejuawtxedxy (J)
oT >°0ts 9% >¢ ojeurise fsrdures qULTOTIINSULI  (9)
I9pTOY TTe9 TOJJUOD UT Y8dT Jajem (P)
souaogagonyy LAex~y (9)
4SITI JuUsN3T3SuU0d gofew {UOTIOBIIITP Lea-y (9)
> ) . . ogop Te303%
(0 H) spes N.o.m X ¢°*/, ¢93ex 950D thﬂ (0O"H) spex moa X T°T {e3aeyd Jo 8383s %06 (®)
T°0~ 3y 0°L K 1°4 119D ToI3u0)
90°0 ©(HO)PD*3Y 1°92 < 6°92 179D pejeTPei]
€2-po
-— —— - - - uﬁﬁwo ToI3u0)H
— -—— —— P 8°oy TT®0 Pejerpead]
{8
oY /PO M PITITIUSPT Ju —ots # an du R
M I8N M Te30%

INTHISVINOD TAOUIOTTE YAATIS WOUd (IYIAODTY SATTOS JO SASATYNY AL TTHVL

AI-66-33

20




